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X-ray and optical wave mixing

T. E. Glover', D. M. Fritz®, M. Cammarata’, T. K. Allison®*, Sinisa Coh>®, J. M. Feldkamp?, H. Lemke?, D. Zhu?®, Y. Feng?,
R. N. Coffee?, M. Fuchs’, S. Ghimire’, J. Chen”®, S. Shwartz®, D. A. Reis”®?, S. E. Harris®'® & J. B. Hastings?

Light-matter interactions are ubiquitous, and underpin a wide range of basic research fields and applied technologies.
Although optical interactions have been intensively studied, their microscopic details are often poorly understood and
have so far not been directly measurable. X-ray and optical wave mixing was proposed nearly half a century ago as an
atomic-scale probe of optical interactions but has not yet been observed owing to a lack of sufficiently intense X-ray
sources. Here we use an X-ray laser to demonstrate X-ray and optical sum-frequency generation. The underlying
nonlinearity is a reciprocal-space probe of the optically induced charges and associated microscopic fields that arise
in an illuminated material. To within the experimental errors, the measured efficiency is consistent with first-principles
calculations of microscopic optical polarization in diamond. The ability to probe optical interactions on the atomic scale
offers new opportunities in both basic and applied areas of science.

Light-matter interactions have advanced our understanding of
atoms, molecules and materials, and are also central to a number of
areas of applied science. Although optical interactions have received a
great deal of study, the microscopic details of how light manipulates
matter are poorly understood in many circumstances. A material’s
optical response is complex, being determined by coupled many-body
interactions that vary on the scale of atoms rather than on the scale of
a long-wavelength applied field. Data are needed to combat this com-
plexity, and so far it has not been possible to probe the microscopic
details of light-matter interactions.

X-ray and optical wave mixing, specifically sum-frequency genera-
tion (SFG), was proposed nearly half a century ago as an atomic-scale
probe of light-matter interactions”. The process is, in essence,
optically modulated X-ray diffraction: X-rays inelastically scatter
from optically induced charge oscillations and probe optically polarized
charge in direct analogy to how standard X-ray diffraction probes
ground-state charge. Furthermore, the optically induced microscopic
field is determined because it is closely related to the induced charge®**.
So far it has not been possible to measure these two quantities directly.
X-ray and optical wave mixing has frequently been discussed">*”"*?, but
it has not yet been demonstrated owing to a lack of sufficiently intense
X-ray sources. More generally, although there have been theoretical
studies of nonlinear X-ray scattering'* ', experimental observations
have largely been confined to the spontaneous processes of X-ray para-
metric down-conversion'” > and resonant inelastic X-ray scattering®**.

X-ray free-electron lasers offer unprecedented brightness and new
scientific opportunities®. Here we use an X-ray laser to demonstrate
X-ray/optical SFG through the nonlinear interaction of the two fields
in single-crystal diamond. Optically modulated X-ray diffraction
from the (111) planes generates a sum-frequency (X-ray plus optical)
pulse. The measured conversion efficiency (3 X 10~7) determines
the (111) Fourier component of the optically induced charge and
associated microscopic field that arise in the illuminated sample.
To within experimental errors of ~40%, the measured charge density
is consistent with first-principles calculations of microscopic
optical polarization in diamond. The ability to measure atomic-scale
charges and fields induced by light should contribute to a better

understanding of materials and create new ways to study photo-trig-
gered dynamics.

X-ray and optical wave mixing

X-ray and optical wave mixing is an atomic-scale probe of optical
interactions: X-rays provide atomic spatial resolution and light makes
it possible selectively to probe optically polarized valence charge'’.
Sum-frequency radiation is produced when two applied fields
simultaneously drive a coherent electronic response; the second field
must polarize charge before the polarization due to the first
field decays. For X-ray/optical SFG, the simultaneously polarized
charge is equal to optically polarized valence charge because only this
charge has significant polarizability for both the optical and X-ray
fields. Tightly bound core electrons can only be polarized by the X-ray
radiation. More generally, as the ‘optical’ wavelength is varied through
the visible to the extreme-ultraviolet (EUV) and soft-X-ray regimes,
the polarized charge corresponds to different charge components in a
material. Therefore, various charge components can be selectively
probed by adjusting the ‘optical’ wavelength. The SFG technique
can, for instance, be extended to probe the full valence charge
distribution by mixing X-rays with EUV radiation of a frequency
high enough that all valence electrons respond uniformly as free
electrons®**** (but low enough that the polarizability of tightly bound
core charge is negligible).

X-ray/optical SFG is a parametric scattering process analogous to
standard X-ray diffraction: kinematics are determined by energy and
momentum conservation, and the generation of an SFG field is
described by the wave equation. In direct analogy to standard X-ray
crystallography, inelastically scattered sum-frequency X-rays probe a
specific Fourier (that is, reciprocal-space) component of the charge
density. Specifically, given an optical wavevector k, and reciprocal
lattice vector G, X-ray/optical SFG measures the (Q =k, + G)th
Fourier component of the optically induced change, §p,(Q), to the
valence charge density.

X-ray/optical SFG, and the closely related process of X-ray/optical
difference-frequency generation, probes the linear optical susceptibility
on a microscopic length scale. Higher-order X-ray/optical mixing
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processes can probe nonlinear optical susceptibilities. X-rays, for
instance, could scatter from optically induced charge oscillating at
twice the optical frequency and thereby be modified by two units of
the optical photon energy; this would make it possible to study the
atomic-scale details of optical second-harmonic generation.

Observation of X-ray/optical SFG

We choose diamond as the material in which to demonstrate X-ray/
optical SFG: its macroscopic optical”’ and microscopic structural®®
properties are well known and estimates exist for the X-ray/optical
SEG efficiency in diamond, although these estimates differ by a factor
of ~100 (refs 1, 9, 11). An X-ray pulse (8,000eV, ~80fs) and an
optical pulse (1.55€V, ~2ps, ~10'°W cm™?) simultaneously illu-
minate a diamond sample slightly detuned from the optimum ori-
entation for elastic Laue geometry diffraction from the (111) planes
(Fig. 1a). Scattered X-rays are wavelength resolved using a Si(220)
crystal. The combination of sample detuning and wavelength dis-
crimination reduced the intensity of elastically scattered (back-
ground) light reaching our detector by seven to eight orders of
magnitude relative to optimum elastic diffraction conditions.

An SFG signal was detected at the expected sample and analyser
angles. The signal was observed to depend on the simultaneous pres-
ence of X-ray and optical beams, and on optimization we obtained a
signal rate of ~4,000 detected photons per second. An energy analyser
scan (Fig. 1b) confirms a detected photon energy equal to the sum of
the input X-ray and optical photon energies and indicates a rocking-
curve width (17 = 2 prad) in excellent agreement with the intrinsic
analyser rocking-curve width (~17 prad). This indicates that the SFG
beam is spectrally narrow and well collimated compared with the

energy spread (~310 meV) and angle spread (~17 pirad) transmitted
by the analyser (called the analyser acceptance). Simulations dis-
cussed below are in agreement with this observation.

The analyser was fixed in position and the variation of SFG power
with sample angle was measured (Fig. 1c). The signal is sharply
peaked at the angle satisfying energy and momentum conservation,
and the measured rocking-curve width (8.1 = 0.7 prad) is equal, to
within the errors, to half the measured analyser width (17 = 2 prad).
A sample rotation of 30 causes a 250 rotation of the output beam,
which indicates that the sample rocking-curve width is set by the
limited energy and angle acceptance of the analyser. This observation
supports the above conclusion obtained from consideration of the
analyser rocking curve (Fig. 1b), namely that the SFG beam is narrow
in energy and angle compared with the analyser acceptance. These
observations place a lower limit of ~8 prad on the SFG rocking-curve
width because the SFG intensity is constant over an angular range
(~8 prad) limited by the finite analyser acceptance. Simulations dis-
cussed below predict an SFG rocking-curve width of 20 prad.

Figure 1d shows how the SFG signal varies with rotation of the
optical polarization vector. We expect the efficiency to vary as
(6,2G111)?, where &, is the optical polarization vector and Gy, is the
(111) lattice vector. This scaling reflects the quadratic dependence of
SEG efficiency on the linearly induced optical charge, which in turn
varies as £,°G ;. The SFG signal exhibits the expected dependence: it
is maximized when &, is in the scattering plane and it is zero when &, is
normal to the scattering plane.

The SFG efficiency was determined by measuring the incident
X-ray pulse energy (photons per pulse) and, under both elastic Laue
and SFG conditions, the outgoing X-ray pulse energy. The measured
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Figure 1 | X-ray/optical SFG experiment. a, Experimental layout for
generation of X-ray (8-keV) and optical (1.55-eV) SFG in diamond. a.u,,
arbitrary units. b, SFG signal versus energy analyser angle. Inset, energy relative
to 8 keV. The black line is a Gaussian fit (310 = 35 meV, 17 * 2-prad full-width
at half-maximum). The SFG energy exceeds the X-ray energy by one optical
photon. ¢, SFG signal versus diamond-sample angle: average of three data scans
(width, ~8 prad; black line) and individual scans (markers). Energy and
momentum conservation is satisfied at 6 — Opags = 70 prad. Inset, sample
rocking curve for elastic diffraction (width, ~65 prad). d, SFG signal
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Optical polarization angle (°)

X-ray/optical delay (ps)

(measured, blue; expected variation, black) versus angle of optical polarization
vector (&,). The signal is maximum when &, is in the diffraction plane (0°) and is
zero when &, is normal to the diffraction plane (+90°). e, SFG signal versus
X-ray/optical time delay (raw data, blue markers; one-point-smoothed data,
blue curve). Black cross-correlation curve (2.5-ps full-width at half-maximum):
solution of wave equation for an 80-fs X-ray pulse and a 1.7-ps optical pulse.
Inset, SFG signal versus optical intensity. The red line is a fit to a linear
dependence on optical intensity.
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efficiency is 3 X 10~” and the estimated uncertainty is a multiplicative
factor of two. The SFG signal strength is a bilinear function of the
input beam intensities, varying as the product of the optical and input
X-ray intensities. Because the efficiency is defined as the number of
SFG photons per input X-ray photon, it is independent of input X-ray
intensity but is linearly dependent on optical intensity.

Finally, an X-ray/optical cross-correlation is demonstrated. To
within errors of ~50%, the SFG signal is observed to vary linearly
with optical intensity (Fig. le, inset). The measured variation in the
SFG signal with X-ray/optical relative time delay indicates a cross-
correlation width of ~2.5 ps (Fig. le). By solving the wave equation,
we compute the SFG intensity as a function of relative time delay to
determine that the measured cross-correlation is reproduced by a
simulation with an 80-fs X-ray pulse and a 1.7-ps optical pulse, the
second of which is consistent with the experimental optical pulse
duration (2 = 0.5 ps). The simulated cross-correlation is also shown
in Fig. le. The cross-correlation width is set by two factors: the dura-
tion of the (long) optical pulse and the fact that the X-ray and optical
pulses move through the material at different speeds and in different
directions.

Wave equation model

The generation of a sum-frequency electric field is described by the
time- and space-dependent wave equation. The slowly-varying-
envelope approximation leads to the following equation relating the
sum-frequency field (E;) and bilinear current (/nr) envelopes
(Supplementary Information, section 3):

cos(@s)%—i—sin(&)%—l—%% +ﬁEs=—27n]NL (1)
The z and x axes are respectively the inward-facing surface normal
and an arbitrary line parallel to the sample surface, f§ is the X-ray
absorption coefficient and 0; is the angle between the z axis and the
sum-frequency wavevector.

X-rays see diamond as a periodic collection of free electrons (hvy
> MVpinding Where hvy is the X-ray photon energy and hvyinging is the
electron binding energy; h is Planck’s constant), and the bilinear
current, the source of E,, is written as a charge times a velocity®.
We find that the dominant current is the ‘Doppler’ current

ARTICLE

(Supplementary Information, section4), which represents inelastic
scatter as X-rays (E,) impart a first-order velocity to an optically
induced charge density (6p,):

]NL(ksum = Q + kxswsum =mo+ wx)

= ¢ 8po(Qawo)gs.Ex(kxawx)
imaoy

(2)

In equation (2), & is the sum-frequency polarization vector, e and m
are respectively the electron charge and mass, ks and wy are respect-
ively the X-ray wavevector and frequency, and 8p,(Q, w,) is the
Fourier component of the optically induced charge oscillating with
spatial wavevector Q =k, + G;;; and optical frequency w,; it is
induced by, and is therefore a function of, the external applied optical
field, Ejighe. The input pulses E, and Eyigp are modelled as Gaussians in
space and time with linear chirp parameters determined by their
angle—energy spread. With Jyp as given in equation (2) as the source
term, we solve the equation obtained by taking a two-dimensional
Fourier transform of equation (1).

The power distributions in angle—energy space for the calculated
SEG and the driving bilinear current power distributions are shown in
Fig. 2a-c for crystal lengths of 1, 10 and 500 pm (the last of which
corresponds to our sample). The induced current, which is propor-
tional to the space-time product of the input beams, has an
angle-energy power distribution determined by convolution of the
Fourier-space input-beam profiles. The angle-energy width of the
bilinear current (~4 prad, ~1eV) is determined primarily by the
angle-energy width of the input X-ray beam; its energy spread
(1eV) is large compared with that of the optical beam (<0.1eV),
and its transverse wavevector spread is approximately twice that of
the optical beam. The angle-energy width of the weakly scattered SFG
beam is a fraction of the bilinear current width. In direct analogy with
conventional weak X-ray scattering, this fraction is determined by the
effective crystal length and is less than one for frequency conversion
over along enough crystal. Figure 2a shows that for crystal lengths less
than ~1 pm, the current SFG process accepts the full angle-energy
width of the bilinear current. Figure 2b, ¢ shows that the SFG angular
width is not reduced for crystal lengths up to 500 pm but that the
energy width is reduced, to ~140 meV at 500 pm.
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Figure 2 | Wave equation simulations. All quoted widths are full-widths at
half-maximum. a-c, SFG power distribution (brown) in angle-energy space for
sample thicknesses of 1 pm (a), 10 pm (b) and 500 pm (our sample;

¢). Deviations 60 and SE from the central SFG angle and energy are plotted. The
respective widths are 3.7 prad and 960 meV (a), 3.7 prad and 210 meV (b), and
3.6 urad and 140 meV (c). The driving bilinear current is also shown (3.7 urad
and 1 eV; gold). d, SFG power versus deviation from the optimum sample angle,

Time (ps)

00 02 04 06 08 10
Crystal length (mm)

for a 500-pm crystal. The rocking-curve width is 20 pirad. e, SFG pulse duration
(~1ps), angle spread (~4 prad, left inset) and energy spread (~140 meV, right
inset), for a 500-um crystal. f, SFG power versus crystal length with X-ray
absorption (diamonds), without absorption for a 1-ps optical pulse (bowties)
and without absorption for a long (200-ps) optical pulse (circles). Inset, log-
scale plot. The dashed line represents the data for the long optical pulse. The
other two cases (solid lines) are indistinguishable.
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The calculated SFG rocking-curve width, temporal width and
efficiency variation with crystal length are shown in Figs 2d-f. The
rocking-curve width (20 prad; Fig. 2d) is consistent with the experi-
mentally determined lower limit (~8 prad) and, as with conventional
weak X-ray diffraction, is determined by both the effective crystal
length and the angle-energy spread of the input beams. The SFG
temporal width (~1 ps; Fig. 2e) is larger than the product (~80 fs)
of perfectly overlapped X-ray (~80fs) and optical (~2ps) pulses
because these two pulses move through the crystal at different speeds
and in different directions. With regard to dependence on crystal
length, the SFG intensity decreases for crystals longer than
~400 pm owing to X-ray absorption (Fig. 2f). In the absence of
absorption, the X-ray/optical velocity mismatch combined with our
non-collinear geometry (different beam directions) leads to satura-
tion of SFG efficiency as a function of crystal length (Fig. 2f) because
the pulses eventually separate from one another. Without the velocity
mismatch, the increase of efficiency with crystal length no longer
saturates (Fig. 2f). The efficiency also improves with increased
input-beam collimation, monochromaticity or both, to ~107> for
X-ray energy and angle widths of 0.1 meV and 1 urad and optical
energy and angle widths of 10meV and 1 mrad, respectively. This
assumes a 500-pm-long crystal and neglects loss due to absorption.

Equations (1) and (2) show that the fundamental unknown specify-
ing Ey/E, and, therefore, the SFG efficiency is the optically induced
charge 8p,(Q); it is determined by requiring that the wave equation
model reproduce the measured SFG efficiency (3 X 10~7), a require-
ment satisfied by §p,(Q) =~ 0.84 X 10~ *electrons per cubic angstrém
(e~ A™3). Furthermore, we define a nonlinear susceptibility (ynr)
such that Jy is written as a product of Ey, Ejjghe and y, rather than
in terms of §p,(Q). The measured efficiency corresponds to a non-
linear susceptibility of yni(wo + @y Gi11) = 1.6 X 10 Mesu Finally,
the measured quantity $p,(Q) determines the microscopic field 6E,(Q)
associated with this charge because the two are related by Gauss’s law’°.
Here 0E,(Q) is the Qth Fourier component of the microscopic field
arising in diamond as a result of the application of the external field
Ejign (refs 3-6). Wefind that [3Eo(Q = k, + Gy11)| = 0.47 in units of the
macroscopic internal optical field and ~0.18 in units of the unscreened
external optical field. The uncertainty in 8p,(Q), yn1.(G111) and 8E,(Q)
is ~40%, determined by the estimated uncertainty of a factor of two in
the measured efficiency. The connections between the efficiency,
induced charge, nonlinear susceptibility and induced microscopic field
are discussed in Supplementary Information, section 2.

Optically polarized valence charge

Associating optically polarized charge with the charge components of
interest in a material is important for X-ray/optical SFG pump-probe
applications. Here we consider atomic-scale optical polarization in
diamond. Models that assign all optical polarizability to covalent bond
charge, here termed bond charge models, have had success describing
the macroscopic optical response of covalent semiconductors®*'. To test
whether this idea can be extended to describe atomic-scale polarizability,
we compare measured charge densities with those calculated from first
principles. We find that the Fourier-space induced charge computed
using density functional theory®** (8p,(Gy1;) = 1.07 X 107 %e” A3
Methods; see also http://www.quantum-espresso.org) is, to within the
~40% experimental error, consistent with the measured charge density
(~0.84X 10 *e” A7?).

A real-space picture of the induced charge is required to assess
whether light primarily polarizes bond charge. Such a real-space
reconstruction is beyond the scope of the experiments reported here.
Instead, we compute the real-space induced charge distribution using
density functional theory. The computed ground-state valence charge
density (Fig. 3a, d) shows that the covalent bond is characterized
by two charge accumulation peaks, one on each side of the bond
midpoint, a feature confirmed by X-ray scattering data®®. The corres-
ponding induced charge calculation (Fig. 3b, e) shows that optical

606 | NATURE | VOL 488 30 AUGUST 2012

polarization is predominantly expressed at the charge accumulation
peaks of the covalent bond; this can be seen by comparing the
positions of peak bond charge density and peak optically induced
charge density (Fig. 3¢, f). We find that the induced charge varies
linearly with optical field strength and, for the optical field strength
of the current experiment, corresponds to a 0.2% modification to the
charge density at the charge accumulation peak. The density
functional theory calculations therefore support a view that light
predominantly perturbs chemical bonds in the lattice. We note that
EUV radiation (90 = 30eV) predominantly polarizes charge at the
bond midpoint rather than at the charge accumulation peaks™.

Finally, we have constructed a simple semi-empirical bond charge
model in the spirit of ref. 1 (Supplementary Information, section 1)
and find that to within our estimated measurement uncertainty, a
multiplicative factor of ~1.4, the bond charge model predicts a charge
density (~1.3 X 10" *¢~ A™?) in reasonably good agreement with the
measured charge density (~0.84 X 10 *e A ™3). The bond charge
model uses measured data: the macroscopic optical response and
the microscopic bond charge distribution. An assessment of this
model is therefore primarily an assessment of the assumption that
optical polarizability resides in the bond charge. Although confirma-
tion in the form of an experimental real-space reconstruction of the
induced charge is required, reasonable agreement between measured
densities and those predicted by the bond charge model lends further
support to the identification of bond charge as the optically polar-
izable charge.

Probing dynamics with X-ray wave mixing

Ultrafast X-ray diffraction (UXD) is a well-established technique that
has made important contributions to advancing our understanding of
molecular and material dynamics®~*. The method uses time-delayed
X-ray pulses to follow ionic cores after sudden excitation, often by an
optical pulse. Ionic cores are followed because compact charge about
the nucleus, or ‘core’ charge, typically dominates the electron density in
a material. Importantly, information on the chemically relevant val-
ence charge is typically not obtained in experiments using ultrafast
X-ray diffraction. X-ray wave mixing provides a way to probe the
valence charge density in a material. It can be used to probe both the
initial perturbation of a light-driven process as well as the subsequent
valence charge dynamics. We first consider the initial perturbation.

The perturbation initiating a light-driven process is often poorly
understood and, so far, has not been directly measurable. An X-ray
pulse can accompany a perturbing optical pulse to probe the initial
valence charge distortion directly by means of X-ray/optical SFG. A
real-space reconstruction of the induced charge can, in principle, be
obtained by measuring multiple Fourier components and using crys-
tallographic phasing methods™*. As with conventional crystal-
lography, the achievable spatial resolution is, through Bragg’s law,
set by the scattering angle®. A less challenging method is to measure
a small set of SFG Fourier amplitudes to distinguish between com-
peting model descriptions of the initial perturbation. For instance,
magneto-optical Kerr measurements (S. Roy et al, manuscript in
preparation) suggest that optical radiation perturbs the helical spin
structure in antiferromagnetic dysprosium thin films. However, the
underlying mechanism is unclear: light might directly couple to loca-
lized spin-aligned f electrons or the direct coupling may instead be to
delocalized metallic electrons. By measuring a small number of X-ray/
optical SFG Fourier amplitudes, it should be possible to determine the
degree to which the initial optical excitation is localized and therefore
to distinguish between these possibilities.

Beyond probing initial optical perturbations, the evolution of val-
ence charge in a material can be probed with a time-delayed pulse
pair: an X-ray/optical pair to probe optically responsive charge or an
X-ray/EUV pair to probe a significantly larger fraction of the valence
charge®****. Unfavourable frequency scaling of the electronic polariz-
ability suggests that the efficiency of X-ray/EUV SEG is significantly

©2012 Macmillan Publishers Limited. All rights reserved
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Figure 3 | Density functional theory calculations of real-space valence
charge density in diamond. a, Ground-state charge density (colour scale)
showing the covalent bond charge accumulation peaks. b, Induced charge
density produced by a constant field (2.7 X 10V m™!) in the [111] direction.
¢, Induced charge image (b) overlaid on the unperturbed charge image

(a), demonstrating that optical polarization is primarily found at the charge

lower than that of X-ray/optical SFG. We calculate that the bilinear
current (the square root of the efficiency) for X-ray (8,000 eV)/EUV
(100 eV) SEG is ~5,000 times smaller than that for X-ray (8,000 eV)/
optical (1.55eV) SFG (Supplementary Information, section4).
Although X-ray/EUV SFG could in principle be used to construct
time-dependent valence charge density maps, the expected low effi-
ciency may make this an application to which future light sources are
better suited. For experiments in which the significantly lower signal
rate is not acceptable, X-ray/optical SFG can be used to probe a
selected portion of the valence charge.

A material’s optical polarizability is not uniformly distributed
across the valence charge and, rather than probing the full valence
charge distribution, X-ray/optical SFG selectively probes the optically
polarizable component. To the extent that the optically polarizable
charge can, through measurement and theory, be correctly associated
with charge components of interest in a material, it should be possible
to obtain novel dynamical information. For instance, assuming, as
suggested above, that the optically polarizable charge in diamond is
bond charge, chemical bond dynamics can be studied by measuring
the time evolution of select X-ray/optical SFG Bragg peaks. Ultrafast
X-ray diffraction experiments using the temporal behaviour of con-
ventional Bragg peaks have offered insight into, among other things,
charge ordering dynamics in complex materials®, coherent atomic
motion associated with both phonon®® and phonon-polariton®” pro-
pagation, and bond softening in optically excited materials®.
Analogous experiments that probe valence charge should provide
additional insight. For instance, the coupling between ionic cores
and chemical bonds could be studied: induced coherent ionic-core
oscillations will induce chemical bond oscillations that may differ
from the core oscillations in any combination of phase, amplitude
and frequency. Similarly, bond delocalization or breaking would have
a clear signature in the evolution of selected X-ray/optical SFG Bragg
peaks.

Finally, to comment on the viability of X-ray/optical SFG at existing
synchrotrons, we estimate that if the same experimental apparatus
(including a 1-kHz optical laser) were used in conjunction with a

Position along [111] (A)

10 20 00 10 20

Position along [111] (&)

accumulation peaks. d-f, Charge density along the [111] direction and through
the bond peaks for a—c, respectively. The bond peaks (0.39 and 1.16 A; d) and
induced charge peaks (0.32 and 1.23 A; e) are evident; f shows normalized
densities for both the ground-state (solid) and the induced (dashed) charge
distributions.

third-generation synchrotron such as the Advanced Photon Source,
it would take ~4,000 times longer to obtain data with the same
statistics (Supplementary Information, section6). By using high-
repetition-rate (1-MHz) optical lasers, it may be possible to approach
the count rate of the current experiment at a third-generation syn-
chrotron (Supplementary Information, section 6).

Conclusion

We have demonstrated X-ray/optical SFG, a new tool for probing
light-matter interactions on the atomic scale. To within experimental
errors of ~40%, the measured conversion efficiency (3 X 1077) is
consistent with first-principles calculations of atomic-scale optical
polarization in diamond. This measurement, in combination with
ab initio simulations, supports the extension to atomic length scales
of the long-held supposition that light selectively polarizes chemical
bonds in covalent semiconductors. This conclusion is tentative and
must be confirmed by an experimental real-space reconstruction of
the optically polarized charge.

More generally, X-ray wave mixing creates new opportunities for
probing matter. X-ray/optical SFG provides access to two closely
related and previously inaccessible quantities: the induced charges
and the associated microscopic fields that arise when light illuminates
a material. The ability to measure optically induced microscopic fields
provides novel data for benchmarking condensed-matter theories.
Similarly, X-ray/optical SFG and the closely related X-ray/EUV SFG
process create new opportunities to study dynamics by directly prob-
ing valence charge on atomic time and length scales.

METHODS SUMMARY

Experiment. Experiments were performed at the Linac Coherent Light Source*
(LCLS). The 8-keV LCLS beam (~1.7 prad, ~20-eV full-width at half-maximum,
~80fs) passed through a Si(111) monochromator and was directed to a (100)-
surface-cut diamond sample oriented for Laue geometry diffraction from the
(111) planes. X-ray/optical SFG was observed using 800-nm optical pulses
(~1.5% 10" W cm2) stretched to a duration (~2 ps) long compared with the
X-ray/optical timing jitter (~200 fs). Switching from elastic diffraction to SFG
was accomplished by rotating the diamond sample by ~70 purad, moving the

30 AUGUST 2012 | VOL 488 | NATURE | 607

©2012 Macmillan Publishers Limited. All rights reserved



ARTICLE

analyser crystal to the expected SFG beam position and then rotating the analyser
to increase the central pass energy by 1.55 eV (hVopica, Where Vopgica is the optical
frequency). Scattered X-rays were wavelength-resolved with a Si(220) channel-
cut crystal.

Variability in wave equation predictions. Input beams are modelled as linearly
chirped Gaussians with spatial and temporal chirp parameters adjusted to match
angle and energy widths: ~ 4.1 = 1 mrad and 68 * 10 meV for the optical beam
and ~1.7 = 1 prad and 1 = 0.1 eV for the X-ray beam. The SFG efficiency varies
by less than 2% for the stated variations in all parameters except for X-ray energy.
We estimate an uncertainty of 10% in the X-ray bandwidth (1 £ 0.1eV) and
determine that this corresponds to an uncertainty of 10% in the predicted SFG
efficiency, which is small compared with the uncertainty (of a factor of two) in the
measured SFG efficiency. We considered two X-ray pulse models: an ~80-fs
(actual duration) pulse with a 1-eV bandwidth accounted for by a linear fre-
quency chirp, and a transform-limited (~2-fs) pulse with a 1-eV bandwidth.
We find that the SFG efficiency and pulse duration are insensitive to these
choices, varying by less than 2%.

Full Methods and any associated references are available in the online version of
the paper.
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METHODS

Experiment. Experiments were performed at the LCLS*, an X-ray free-electron
laser that provided an 8-keV, 60-Hz beam with angle and energy spreads of
respectively ~1.7 prad and ~20 eV (full-widths at half-maximum). The ~80-fs
pulse (full-width at half-maximum) contained ~5 X 10'° photons. Complications
from spectral jitter were mitigated by converting spectral fluctuations to intensity
fluctuations: X-rays were passed through a two-bounce Si(111) monochromator
(~1-eV bandpass) and a non-destructive Compton scattering diagnostic recorded
the shot-by-shot beam intensity to normalize intensity fluctuations.
Monochromatic X-rays (~1.7 prad, 1eV) were directed to a (100)-surface-cut
diamond sample oriented for 8-keV, (111) Laue geometry diffraction. A Si(220)
channel-cut crystal was used to energy-resolve detected X-rays. X-ray/optical SFG
was observed using 800-nm optical pulses (1.5 X 10" W cm ™ ?) stretched to a
duration (~2 ps) long compared with the X-ray/optical timing jitter (~200 fs).
X-ray/optical overlap was achieved by maximizing the reduction in X-ray diffrac-
tion from an optically perturbed Bi sample.

Switching from elastic diffraction to SFG was accomplished by first rotating the
diamond sample by 8¢,,, = 70 prad (less grazing). A two-theta arm then rotated
the analyser to the expected SFG beam position, ~370 prad relative to the
elastically scattered beam position before the diamond rotation. Finally, the
central pass energy of the analyser was increased (such that the optical photon
energy was hopical = 1.55 €V) by rotating the crystal itself (3¢, = 85 prad). The
sample and analyser detunings, each ~10 rocking-curve half-widths, reduced the
intensity of elastically scattered (background) light reaching the detector by seven
to eight orders of magnitude relative to optimized elastic scattering conditions
(8¢ 111 = 8220 = 0). We did not make use of the ~500-purad angular separation
between the elastic and SFG beams.

The X-ray flux reaching our detector was ~3 X 107 photons per pulse under
optimized elastic diffraction conditions, which is less than the initial ~5 X 10
photons per pulse due to loss associated with both absorption and five crystal
reflections (two Si(111), the diamond sample and two Si(220)). The SFG flux
reaching our detector was ~65 photons per pulse.

Variability in wave equation predictions. Input beams were modelled as linearly
chirped Gaussians with spatial and temporal chirp parameters adjusted to match
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the corresponding angle and energy widths: The optical beam had an energy
spread of 68 meV and an in-vacuum angle spread of ~4.1 mrad. A linear fre-
quency chirp stretched the optical pulse to a duration (~2 ps) long compared
with the X-ray/optical timingjitter (~200 fs). The X-ray angle spread (~1.7 pirad)
was set by the LCLS divergence whereas the energy spread (~1 eV) was set by the
Si(111) monochromator. Two X-ray pulse models were considered: one with a
pulse duration equal to the actual LCLS duration (~80fs) and a 1-eV
bandwidth accounted for by a linear frequency chirp, and one with a transform-
limited pulse with a duration (~2fs) determined by the 1-eV bandwidth. We
find that the SFG efficiency and pulse duration are insensitive to these choices;
each varies by less than 2%. Insensitivity of efficiency to the specific duration of
the (short) X-ray pulse might be expected because for either pulse duration the
X-ray pulse is short compared with the optical pulse and therefore sees the
same optical field strength. Similarly, pulse duration insensitivity seems
reasonable because the X-ray and optical pulses move through the crystal at
different speeds; this causes the relative X-ray/optical time delay to vary linearly
across the crystal. The magnitude of this ‘time shift’ (>1 ps) is large compared
with either X-ray pulse duration considered (80 or 2 fs). The actual LCLS pulse is
probably a random distribution of transform-limited spikes within a ~80-fs
temporal envelope.

Finally, the predicted efficiency depends on the degree to which the input
beams are collimated and/or monochromatic; here we consider how much
the predicted efficiency varies owing to uncertainty in the angle—energy spread
of the input beams. We estimate the uncertainties in the X-ray energy, laser
wavelength, X-ray angle and laser angle ‘widths’ to be *0.1eV, =10meV,
*+1 prad and * 1 mrad, respectively. The variation in the predicted SFG efficiency
is less than 2% for the stated variations in all parameters except for X-ray energy.
The variation in efficiency with X-ray energy spread is approximately linear. The
bandwidth of the X-ray beam should be known to good precision because it is set
by the Si(111) monochromator acceptance. We estimate an uncertainty of ~10%
in the X-ray bandwidth (1 £ 0.1 eV), which corresponds to a variation of ~10%
in the predicted efficiency. This uncertainty is small compared with the uncer-
tainty in the measured SFG efficiency, which is a factor of two as determined by
variability in the measured X-ray/SFG pulse energy.

©2012 Macmillan Publishers Limited. All rights reserved
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The Supplemental Information is divided into seven sections. Section 1 (Density
function theory calculations) discusses the first-principles calculations of microscopic
optical polarization in diamond. Section 2 (Bond charge model) details how the bond
charge model is constructed. Using empirical data, this semi-empirical and
phenomenological model predicts the microscopic optical polarization in diamond. In
section 3 (Relationship between SFG efficiency, induced charge, nonlinear susceptibility,
and microscopic field) we derive the connection between the quantities listed in this
section title. In section 4 (Derivation of Wave Equation) we derive the specific form of
the wave equation used to model x/o SFG. In section 5 (Relative nonlinear current
amplitudes) we compute the relative amplitudes of the various nonlinear current terms
contributing to SFG. In section 6 (Derivation of nonlinear current terms) we derive the
equations used to compute the nonlinear current amplitudes. Finally, in section 7 (X-
ray/optical SFG at other light sources) we compare relative SFG signal levels at various
X-ray sources.
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1. Density functional theory calculations
To calculate the induced charge density in diamond, we use density functional theory
(DFT) with the generalized gradient approximation and ultrasoft pseudopotentials as
implemented in the Quantum Espresso software package™. First we fully relax the unit
cell lattice parameter (obtaining a=3.567A) and then apply a constant external electric
field using the Berry phase method'. The field strength/direction are equal to that of the
experimental optical field. The field strength (vacuum field amplitude less loss due to
surface reflectivity) is Elight=3.4xlO8 V/m and the component along [111] is
Elight=2.7x108 V/m. By comparing the Fourier component of charge density with and
without the electric field we calculate the charge density difference (i.e. induced
charge). The induced charge density p(G111,E=3.4x108)-p(G111,E=0) equals 1.07x10™
e/A’. By varying the electric field strength we determine that the induced charge varies
linearly with field strength. At the location where the induced charge is largest and for
the current field strength, the induced charge amounts to a 0.2% change to the
unperturbed charge density. Further, the induced charge density component, p(G,3,E),
is due entirely to the [111] component of Ejign; the orthogonal component has negligible
effect. We confirmed that using the local density approximation instead of the
generalized gradient approximation changes the induced charge density by only 1% and
that changing the type of pseudopotential from ultrasoft to normconserving modifies the
induced charge density by only 2%.

A view of the DFT-computed valence charge distribution in real-space is shown

in Fig. SI1.
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Figure SI1. Real-space view of valence charge distribution in diamond, as computed
using density functional theory. The figure shows both the unperturbed and optically-
perturbed valence charge distribution in diamond. The images were rendered using a
hardware-accelerated 3-D texture-based direct volume rendering of a simulated 100’
scalar data field. Intensity and gradient-based opacity and color transfer functions show
valence electron density in green and the optically induced charge differences in orange-
red (increased charge density relative to unperturbed) and blue (decreased). Image
courtesy of Dr. Joerg Meyer, Lawrence Berkeley National Laboratory (Visualization
Group).
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2. Bond charge model

Historically, it was found that x-ray scattering data for diamond could be understood in
terms of a two component charge density : an ‘atomic’ component exhibiting spherical
symmetry about the nuclei and a ‘bond’ component lacking this symmetry*'. The 'bond'
component was identified as the polarizable charge in the lattice : Phillips argued that
there was a close relationship between the covalent bond charge and the macroscopic
dielectric function®, and subsequently Levine successfully described optical nonlinear
susceptibilities in terms of bond charge motion®.

Though the separation of valence charge into ‘atomic’ and ‘bond’ components is
not unique, this strategy has been helpful in constructing simple models of optical
polarizability and we adopt this strategy to construct, in essence, the same model for
microscopic optical polarizability as discussed in [1]. The bonds are assumed to be the
polarizable sites in the unit cell. One predicts both the magnitude and microscopic
spatial distribution of induced charge by : 1. making use of the measured macroscopic
optical susceptibility®’ and 2. assuming that the spatial distribution of induced charge is

identical to the measured *® spatial distribution of bond charge.

The induced charge is written as the divergence of the induced polarization :

dp(r, Eiign)) = -V-P(r, Ejign) (D

The total polarization is written as a sum over the polarization at individual bond sites in

the unit cell :

P(r, Eiight) = ZBondsj Pj(r, Eiignt) 2)
Following [1], the polarization is related to the optical field (Ejgn) by defining a

microscopic optical susceptibility (polarizability per volume) a'(r) :
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Pi(r, Eiight) = @' (r)Eiignt (3)

Consistent with our assumption that only bonds are optically polarizable, we write the
microscopic optical susceptibility as the magnitude of the average bond polarizability

(a,,) times the bond charge spatial distribution function dpy,,(r) :

a;'(r) = 0l OpPjpond(r) I 4)

Here I is the unit dyadic'. The bond charge distribution (OPbond) 1s normalized; its

integral over space is unity. Inserting (4) into (3) leads to :

Pi(r, Eiight) = 0t 9pPjpond(Y) Eiigh ®)

Inserting (5) into (2) and expanding P(r, Eiign¢) in a Fourier series leads to :

Zo Po EXpliQ™r] = Zponds; Oo OP;bond(r) Erignt (6)

We are interested in a specific Fourier component and therefore multiply each side of

(6) by Exp[-i Q-r] and integrate over the unit cell :

Z“Q' fcell PQ' EXp[i(Q"Q)'r] d3I‘ :fcell ZBondsj Qo 6pj,bond(r) Elight EXp[-l Q'r] d3I‘ (7)

PQ Vcell = (ao Elight) 2Bondsj fcell 6pj,bond(r) EXP['l Q'r] d3I' (8)

Here Q=G+k, where G is the relevant reciprocal lattice vector and k, the optical wave

vector. Defining Neey = 1/ Ve We obtain :

P = (Neeit 0o Eiight) Zpondsj Jeelt 9pjpona(r) Exp[-i Q-r] d’r 9)
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Next we use the Clausius-Mossotti relationship3 to express Ny 0, in terms of the

measured macroscopic linear optical susceptibility :

Natom Qatom = {3/(€+2)}Xmacr0 (10)

where ¢ is the dielectric constant (e=1+4mymacro). The quantities on the left side of (10)
are the atom density and atom polarizability respectively. Noting that in diamond there

are 8 atoms per unit cell and 2 bonds per atoms we have :
Natom Qlatom = 8I\Icell 20¢0 (1 1)

This leads to :

P = (Ymacro/16) {3/(€+2)} Eiight Z16 Bonds j Jeell OPjpona(r) Exp[-i Q-r] & (12)

In (12) we explicitly indicate that the sum is over the 16 bonds in the unit cell. The
covalent bond in diamond is characterized by two equal-amplitude charge accumulation
peaks ~0.7 A wide (fwhm). We model each peak as a Gaussian so that a 'bond peak'
becomes the fundamental polarizable unit instead of the (full) bond and the summation
in (12) becomes, in practice, a summation over 32 bond peaks (two per bond). The
polarization of a bond peak (0,/2) therefore replaces the bond polarizability (o) in (5).

This has the effect of replacing the 1/16 in (12) with 1/32 and we rewrite (12) as :

Pq = (Ymacro/32) {3/(5+2)} Eight 32 Bond peaks | Jeell OPjpona(1) Exp[-i Q-r] d’r (13)

Defining the structure factor :

Fo¥° = (1/32) 232 Bond peaks j Jeell OPjpona(r) Exp[-i Q-r] d’r (14)
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We obtain the final expression for the polarization :
PQ = Ymacro FQ* {3/(6%2)} Eiign (15)

The relevant Fourier component of the induced charge is obtained from the polarization

by expanding both sides of (1) in a Fourier series to obtain :

3pq(Eiight) = -iQ"Po(Eiight) (16)

We therefore obtain the final expression for the induced charge :

3pQ(Eiight) = ~1Q-Eight {3/(6+2)} Ymacro FQ° (17)

The Fourier component of interest for the current experiment is Q=G ;;+Kko.

3. Relationship between SFG efficiency, induced charge, nonlinear susceptibility,

and microscopic field

3.1 Nonlinear susceptibility from measured efficiency

Here we obtain an expression for the nonlinear susceptibility in terms of the measured
efficiency. We start with the 'optical Doppler' expression for the sum frequency current
(2J, for m»wyinging~5 €V; see equations (77) "Relative nonlinear current amplitudes”
below) :

InL (Wt @) = -i(e/m) {1/w,} p(Erign”) ™! Ex(wy) (18a)

It (Kaum=KstkotG) = -i(e/m) {1/wy} p(ko+G)™ ! E (ky) (18b)

Equations (18a) and (18b) are of course equivalent but are written to emphasize energy

and wave vector conservation respectively. The optical wave vector is k, and, as
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implied by (16), the (k,+G)™ component of the induced charge is determined by the

component of the optical field along the lattice vector G :

Eiight- = EiightG/ |G| (19)

We are interested in a transverse (i.e. radiation) field and therefore take the transverse

component of the current :
Ine" (05t @o) = -i(e/m) {1/} P(Ejign”)™ " E" (20)

where superscript "T' indicates the component along the sum field polarization vector
€sum -

Ey' = €qum* Ex (21)
Recalling that the current is the time derivative of the polarization® :
INL (Wsum) = dPni/dt = -10gum Pae (22)
From (22) and (20) we obtain :
Ogum P’ = (e/m) {Vang} p(Erign”) ™" Ex" (23)

We next define the nonlinear susceptibility as the proportionality constant between the

nonlinear polarization of interest and the relevant input field components :
P (Ksum) = XNU(G) Biigh (o) By (k) (24)

The fields Ejigne and Ey are modeled as Gaussians with amplitudes Ejigha and Ey,. The

optical field amplitude Ejigna is known while the nonlinear susceptibility (ynr) is
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unknown. We also regard the x-ray field amplitude (Ex,) as unknown. The product
(x~LExa) 1s a constant and we solve the wave equation in terms of this unknown

constant. The resulting SFG field amplitude is linearly proportional to the constant

(XNLExa) :
EsrG = XNLElightaExa Hyave eqn (25 )

Where Hyavecqn 18 @ function determined by solving the wave equation. The predicted
SFG energy is obtained by squaring (25) and then integrating over time and space. We

solve the Fourier-domain equation (49) and therefore integrate over energy and angle :
Energysrc = (xntEiighaExa)’ [l Hyave cgn’ dd doo (26)
The corresponding expression for the input x-ray energy is :
Energyy.ray = E Fx_ray2 dé dw 27)

where Fy.ry is a function specifying the (space/time) Gaussian beam profile of the input

x-ray field. The efficiency is the ratio of SFG to input x-ray energies :
ns= EnergYSFG/EnergY){—ray = (XNLElighta)2 (” Hwave eqn2 do d(l))/(ﬂ Fx—ray2 dd dw ) (28)

The quantity yni is the sole unknown on the right hand side of (28) and it is determined

by the measured efficiency ).

3.2 Induced charge from nonlinear susceptibility

Here we express the optically induced charge in terms of the nonlinear susceptibility.

We rewrite equations (23) and (24) from above :
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Wsum PNLT = (e/m) {1/(1)24} p(ElightG)induced ExT (23)

P (Ksum) = XNL(G) Etighe”(Ko) Ex " (Ky) (24)
Inserting (24) into (23) gives:

p(ElightG)mduwd = Wx Wsum XNL(G) ElightG(ko) (m/e) (29)
We rewrite (29) as:

P(ko+G) ! = 00 Wgum (n1. Eiight”)(m/e) (30)

With the nonlinear susceptibility yxi(Gi11) = 1.57x10™"* esu and the optical field E“ghtG
= 9139.3 statVolts/em (2.7x10° V/m), we obtain a measured charge density of

p(Ko+Gi11) " = 4.0x10" statCoulombs/cm® (8.4x107° e/A%).

3.3 Induced Field from induced charge

Here the induced field (SE,(r,t)) is written in terms of the induced charge (0p,(r,t)). We

start with the standard® relationship between the induced charge and the associated

induced field :
D=E + 4xP 31
V-D = 4mpgec. = 0 (32)
V: SEy(r,t) = 41 0po(T,t) (33)

where 0p,(r,t) = -V-P and we note that (31) and (32) lead to (33). Expand dE(r,t) and

dpo(r,t) in a Fourier series :

OPo(T,00) = Zq 0po(Q) Exp[iQ-r]Exp[-iwot] (34)

10
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OE(1,m0) = Zq OEo(Q) Exp[i1Q-r]Exp[-im,t] (35)

Here, with Q=G+k,, 0E (Q) is the Q™ Fourier component of the microscopic field
arising in diamond due to application of the external field Ejg, (K,,m,) ¢, Equations

(33)-(35) lead to :

V-2 q 0E(Q) Exp[iQ-r] = 4nZ q dpo(Q) Exp[iQ-r] (36)

iQ-2 SEo(Q) Expl[iQ-r] = 4120 8po(Q) Exp[iQ-r] (37)

Noting that (37) holds term by term we obtain :

1Q-0E(Q) = 4n 5p,(Q) (38)
Equation (38) indicates that the longitudinal (i.e. projection along Q) component of the
optically induced field SE (Q) is determined by the measured quantity dp,(Q);

® that the

Q=G +k, for the current experiment. Additionally, it can be shown"
transverse component is of order [q/|q+G|]* times the longitudinal component so that
for q=k, , [q/|q+G111|]2 ~107 and O0E (Q) is, to accuracy much better than 1%, equal to
the longitudinal component specified by (38).

The macroscopic component of the internal field, SE (Q=0+k,)=E,,, is related to

the vacuum amplitude (less surface reflectivity loss) of the optical field (Ejign) as® :
Ey, = { 3/(2+¢) } Eiignt (39)

Here €=5.8 is the static, long wavelength dielectric constant for diamond. With Ehgth
representing the component of Ejige along Q, and Ei? representing the component of

Ex along Q, the experimental value is Eligth = 9139.3 statVolts/cm. Using the

11
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measured value 6p0(k0+G111)=4.0X1010 statCoulombs/cm® (8.4x10” ¢/A%), equations
(38) and (39) indicate :

SE,(Q)| / Ex? = 0.47 (40)

ISE(Q)| / Ejign? = 0.18 (41)
Equations (40) and (41) specify the magnitude of the optically induced field, |E (Q)|
(where Q=Kk,+Gj11), as a fraction of the corresponding longitudinal components of the
macroscopic internal optical field (40) and the unscreened external optical field (41)
respectively. The uncertainty in 8p,(Q), ¥nL(Gi111), and OE (Q) is ~40%, determined by

the estimated x2 uncertainty in the measured efficiency.

4. Derivation of Wave Equation

Generation of an electric field (E’) at the sum frequency is described by the time and

space dependent wave equation :

VZIE’ — (1/c¢%) d°E’/dt* — (2p/c) dE’/dt = (4n/c?) d* PN /dt? (42)

Here f is the x-ray absorption coefficient and P’y is the induced nonlinear polarization
at the sum frequency. The z-axis is the inward facing surface normal and the x-axis is
parallel to the sample surface. Phasematching is insensitive to small out-of-diffraction-
plane rotations and we determine that to good approximation one can ignore the out-of-
plane (y) axis. Similarly, we assume that transverse angular spread, group velocity
dispersion, and higher order dispersion are negligible. The field and polarization are

written as a product of a plane wave carrier term and a slowly varying envelope :

E’ = E(r,t) Exp[ -i(wst-ker) ] P’ni = Paw(r,t) Exp[ -i(wst-ker) | (43)

12
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Inserting these forms into the wave equation and using the slowly varying envelope
approximation” to neglect second derivatives of the field envelope and both first and
second derivatives of polarization envelope, one obtains the following equation relating

the field and polarization envelopes :

cos(0s) dE/dz + sin(65) dE/dx + (1/c) dE/dt + BE =i Pxy ((21)*/A) (44a)

cos(8;) dE/dz + sin(6s) dE/dx + (1/c) dE/dt + BE = (-2m/c) InL (44b)

Here A is the SFG wavelength and Jny. is the sum frequency current (envelope), related
to the nonlinear polarization by (22). In (44) E=E(z,x,t). The two dimensional Fourier

transform (time and transverse spatial co-ordinate x), FTx{}, of (44) gives :

cos(0s) dE/dz - sin(8y) (i kO)E - (i 0/c)E + BE = FTy.{ i Pxp (20)/A) 1 (45)

In (45) E=E(z.ky,w). We next define the total transverse wave vector ky ror as the sum

of carrier and envelope wave vectors :

kX,TOT = kx,env + kx,carrier (46)

The total transverse wave vector (kyror) is equal to the projection of the total wave
vector (k;) on to the x-axis. With 6 defined as the angle k; makes with the z-axis, ky tot
= ks sin(6s). We write 0 as the sum of a ‘perfect phasematching’ angle 0, and a

deviation angle & :

ky tor = Ks£eS1n(05) = Ky SIN(05010) = Kyt {SIN(O50) cos(d) + sin(d) cos(Bs0)} (47a)

kytor = { Kstesin(Bso) + 0 kg cOS(0s0) } (47b)

13
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The carrier wave vector is defined to be at the ‘perfect’ phasematching angle while the

envelope wave vector accounts for any deviation, Ky carrier = KsfpS1n(0s,). Accordingly :

kx,env = kx,TOT - kx,carrier: 0 ksfg COS(GSO) (48)

We note that ky in (45) represents the transverse wave vector of the envelope (kyeny) SO

that inserting (48) into (45) leads to :

co0s(0s0) dE/dz - 1 sin(0s,)c0s(0s0) ks O E - (i w/c)E + BE = FT {i P ((2n)2/7\)} (49a)

c0s(0s,) dE/dz - 1 sin(Bs,)c0s(Bs0) ks O E - (i w/c)E + BE = FTy {(-2n/c) InL} (49b)

Equation (49b) is obtained using (22) and equations (49) are solved subject to the
condition that the input SFG field is zero. The angle 085,=57.3 degrees is specified by
energy and momentum conservation and knowledge of the (input) x-ray/optical crossing
angle in vacuum, 14.3 degrees with the x-ray and optical beams on opposite sides of the

sample surface normal.

5. Relative nonlinear current amplitudes

Here we show that of the six scattering terms contributing to x-ray/optical SFG, the
SFG power is dominated by inelastic x-ray scatter off of optically induced charge
oscillations. We also show that the nonlinear current from x-ray/optical SFG should be
significantly larger than that from either x-ray/euv or x-ray/x-ray SFG.

There are three types of sum frequency currents®. First, a so-called Doppler
current representing inelastic scatter by one field off of charge oscillations induced by a
second field. Next, a contribution from the familiar vxB Lorentz force term. Third, a so-
called displacement current arising from the fact that the displacement of an electron by

one field causes it to sample a different spatial region of a second field. Each of the

14
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three types of currents has two contributions corresponding to the x-ray and optical
fields switching roles. The six terms contributing to x-ray/optical SFG are given as (see

"Derivation of nonlinear current terms" below) :

Ja Doppier(0,X) = i(e/2m) Dax p," € sr6*Ex (50a)
T2 Doppler(X,0) = i(e/2m) Do, p," € sr6Eo (50b)
Ja Dispiacement(0,X) = -p™[e*/(4m’*wgum)] Dw, Dy (Eorky) €se6 Ex  (50¢)
T2 Displacement(X,0) = -p[€*/(4m°wgum)] Doy D, (Ex+ko) €sr6*Eo  (50d)
Ja Loren(0,X) = p"“[e¥/(2m*0gum)] (Dwo/w,) E, E, k, €spark,/ k|  (50¢)
T Lorentz(%,0) = p"[e¥/(2m°wgum)] (Dwy/o,) Eo E, k, espark/ Ik (50f)

D(Dj = W /((Dbz- (Djz) (Sog)

The subscripts ‘0’ and ‘x’ refer to optical and x-ray fields respectively, wgm is the sum
frequency wy+w,, €spg is the sum frequency polarization vector, and hwy, /27 is equal to
the bandgap in diamond (~5.5 eV). In equations (50) p\" is the first order charge

® js the unperturbed charge density.

density induced by field ‘i’ and p

A sum frequency polarization is produced because an electron is driven
simultaneously by both fields. To the extent that an electron is negligibly perturbed by
either field, then the contribution to the sum frequency from this electron is negligible.
As the x-ray energy is large compared to binding energies in diamond, all electrons in
diamond respond similarly to x-rays. This is not the case for light : optically polarizable
charge contributes while charge with negligible optical polarizability does not. Each

nonlinear current term is linearly proportional to this optically polarizable charge

component (Popiical) : the unperturbed charge density is equal to this polarizable

15
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component (p(“) = Poptical) and the induced charge (pi(l)) is linearly proportional to Poptical
since both fields must drive this same charge component. The density functional theory
calculations described below indicate that popicai 1S, for the current purposes, well
approximated by the bond-charge distribution and the currents below assume
Poptica= Prond- The relative current amplitudes, however, are independent of this choice.
We quote relative amplitudes by defining JTDOpp]er (0,x) = 1. We further assume that the
x-ray and optical beams are collinear and set all angular factors cos(8) equal to one.

Evaluating equations (50) leads to the following relative current amplitudes :

JTD(,ppler (o,x)=1 (optically induced charge)
T Lorentz (0,%) = 2.6x107

T boppler (x,0) = 1.9x10

JTDisplacement (0,x) = 1.3x10™

T Lorentz (x,0) = 1.4x10°

T — -8
J Displacement (X,O) =6x10

We see that the Doppler term, JTDQppler (0,x), corresponding to optically induced charge
oscillations dominates. Our measurements indicate that the harmonically bound electron
model overestimates the induced charge by a factor of ~12; the model therefore also
overestimates the optical polarizability and induced first order velocity by this factor.
This over-estimation does not change the predicted relative current strengths since each
current term contains either an optical first order velocity or an optical polarizability.
The same set of equations (50) can be used to estimate relative current
magnitudes for different x-ray summing processes. Since both the polarizability (1/w?)

and the electric field induced velocity (1/w) decrease with frequency, the second order

16
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current for x-ray/optical mixing is significantly larger than that for x-ray/x-ray or x-
ray/euv mixing. To illustrate, consider a free electron gas interacting with x-rays (8
keV) and euv radiation (100 eV) or optical radiation (800 nm; 1.55 eV). For simplicity

we assume that the Doppler-term induced charge is that for a free electron :

po(E)™ = p™W(Q-Ei/e} 0ee(wi) = p™{G-Ei/e} (¢*/mw;’) (51)

Given input fields ‘1” and ‘2°, the Doppler sum frequency current scales as {w;m,*}"
while the Displacement and Lorentz currents scale as {w msum}‘l. Within any given
SFG process, i.e. a fixed set of frequencies (mw;,m;), the Doppler current dominates so
that the relative current amplitude for various frequency pairs of interest can be obtained
simply from the Doppler scaling, {w;0,”}"'. More generally we find that the relative
magnitudes of the nonlinear currents for x-ray/x-ray, x-ray/euv, and x-ray/optical

summing processes are :

JTDOppler (0,x)=1 (optically induced charge)
T Lorentz (0,X) = 2.6x10™

T boppler (€UV,X) = 2.4x10™

T boppler (X,0) = 1.9x10™*

T Displacement (0,%) = 1.3x10™

1" Lorentz (€UV,X) = 3.9x10°°

JTDoppler (x,euv) = 3.0x107°

T bisplacement (€UV,X) = 2.0x10®

JTLorentz (X,O) =1 .2X10_7

17
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JTDisplacement (X,O) = 6X10-8

T Lorentz (X,euv) = 4.9x10™

T boppler (X,X) = 3.8x10™®

I — -8
Displacement (X,CU.V) =2.5x10

JTLorentz (X,X) =2.5x1 0_8

JTDisplacement (X,X) = 1.2X10_8

The current density for x-ray/optical SFG is therefore considerably larger than that for
x-ray/euv SFG and both are significantly stronger than x-ray/x-ray SFG. The SFG
efficiency scales as the square of these current density magnitudes. An accurate estimate
of the SFG efficiency requires detailed consideration to account for factors such as
phase matching, photoabsorption, and the fact that different components of the charge
density can contribute to the different scattering processes. Nonetheless, these additional
considerations should not change the conclusion that significantly lower efficiency can

be expected when moving from x-ray/optical to analogous all-high-frequency processes.

6. Derivation of nonlinear current terms

We start by writing the wave equation :
V2 Ereal — (/%) & Eret /dt? = (4/c?) d*Prea /dt? = (4/c?) ddreqr /dt (52)

For the purposes of this derivation we ignore absorption and the subscripts indicate that

we consider real fields in (52). We next write the real fields using complex notation :

Ereal = E(r,t) Cos[ i(ksr - wst) ] = 1/2 {E+ c.c.} (53)

Jreal = Ji(1,t) Cos[ i(ksr - wst) | = J, + c.c. (54)

18
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where the right most terms define E. and J, and ‘c.c.” stands for complex conjugate.

Inserting these forms into (52) we obtain :

V2 1/2{Etc.c.}— (e/c?) & 1/2{Ect+c.c.}/dt* = (4n/c?) d{J.+c.c.}/dt (55)

We multiple both sides by 2 and separate into two equations, one the complex conjugate

of the other :

V2E (¢/c?) & EJ/dt* = (4n/c?) d(2J,)/dt (56a)

VZE. - (e/c?) & E.'/dt* = (4n/c?) d(2d,")/dt (56b)

We no longer consider equation (56b) since it provides redundant information. We will
derive an expression for the nonlinear current using fields written in the form given by
(53). Wave equation (56a) shows that the nonlinear current source term, the quantity on
the right hand side of the wave equation, is Jy. = 2J,; i.e. the nonlinear current entering
the wave equation is twice the current obtained from fields written in form (53). We
next derive an expression for J%(w;+m,) using fields written in form (53).

We essentially follow the derivation in [29]. Two types of terms contribute to
the second order current density : the zeroth order (i.e. unperturbed) charge density
(p"™) times a second order velocity and a first order (i.e. induced) charge density times a

first order velocity. The general expression for J?is :

JO = oy 4 (@) (57)

We begin by treating the electrons as bound harmonic oscillators subject to the Lorentz

force :
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dv/dt= -y’ x - (¢/m){E + v/cxB} = dv/dt + (v-V)v (58)

where hwy/2n is the binding energy, x is a spatial coordinate, and § indicates partial

derivative. We rewrite (58) ignoring the second order vxB and (v*V)v terms to

determine the first order velocity :
v/ 8t=-wy’ x - (¢/m) E (59)
We next assume a specific form for E :

Etotal = Erear1 cos(Ki*r-mit) + Eearn cos(Karr-mat) (60a)

Etota = {1/2 E¢; Exp[Ki*r-0it] + c.c.} + {1/2 E¢; Exp[ky*r-wat] + c.c.} (60b)

where the subscript ‘Total’ refers to the sum of input fields ‘1’ and ‘2°. From (60a) and

(60b) we see E = E,,; and we simplify the subscript to E;. Inserting (60) into (59):

v/ dt=-wyp’x ~(e/2m)[ {E, Exp[[K*r-w t]+c.c.}+{E, Exp[ky r-mst]+c.c.}] (61)

Equation (61) is a linear equation with four field terms (E;, E»,* c.c. terms) as 'sources';

v\ will be the sum of four terms, two c.c. terms and two terms (j=1,2) given as :

vi=i (e/2m) (oy/ (0 o)) E; Exp[kyr-ooft] (62)

We next obtain an expression for v'¥ by neglecting the first order terms w,’x and

(e/m)E in (58) :

SvP/dt= - (e/mc) v\"xB - (v V) vV (63)
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We consider only the v terms contributing to ; + ®, and choose to separate this

version of (63) into four equations (two plus c.c. terms):

6V1,2(2)/6t= -1 Wsum V1,2(2)= - (e/mc) vi""xB; - (v V) v,V (64a)
21 D78t = -i Weum v2.1P = - (e/mc) v2''xB; - (v, V) v, (64b)
8V1,2(2)*/6t= + Wsym Vl’z(z)* = - (e/mc) vi"xB," - vV V) v, (64c)

Vo1 @10t =+ weum v21?" = - (e/me) v, xB; - (v V) vV (64d)

We clarify that the subscripts ‘1’ and ‘2’ refer to input fields ‘1’ and ‘2’ while the
superscripts (1) and (2) refer to first and second order velocity expressions respectively.

Using these expressions for v(" and v®, we substitute into expression (57) for J@ :
IO = {0y, o0y Dt ce b+ p® (v,@ v, @ tccl  (65)
Recalling the definition Jy=J% = J, +J,":
J, = pl(l)V2(1) + pz(l)Vl(l) + p(u) { V1,2(2) + V2,1(2)} (66)
Using equations (62) and (64) :

Ja = p,Vfi(e2m) (w2 (wp>- ) Eo} + p,{i(e/2m) (w1 /(wp - w1?) i} + pP{ vi @ +
v Py (67)

3. = p,{(e2m) (w2 [(wy>- 0:%)) Eo} + p," {(ie/2m)(w; /(0p*- 1) Er} + [p™iwsum] §

(e/(me)) {viVxBy +v2"xBi} + { (Vi V) v+ (V) vV} ) (68)
next from Maxwell's equations :

VXE =-1/c dB/dt=iw/c B (69)
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so that :
B =VXE ¢/ iw = kxE c/w (70)
Using (68)-(70) :

Ja= .V {i(e/2m)(w2 /(- @27) Ea} + 0, {i(e/2m)(w1 Ay 01%)) Er} + [p"ioogum] {

(e/m) {V1(1)><(k2xE2)/w2 + Vz(l)X(kIXE])/(DI} +{ (V1(1)°V) V2(1)+ (vz(l)-V) Vl(l) | A
).

Next we use expression (62) for Vj(l :

J.=i(e/2m)[p,"’ D, E; + p,"" Dw; Ei] + p®[e*/(2m’wsum)] { Doy Eix(k,xE,)/m, +

Dw; EzX(kIXE])/(,Ol + (i/2)D(D1D(L)2[(E1‘V)E2 + (Ez’V)El] } (72)

Where we have defined :

Dw; = w;/(0p- ;) (73)

NOtiIlg (El'V)Ez = i(El'k2)E2 .

J.=i(e/2m)[Dw, p,"" E; + Dw; p,V) E1] + p™[e?/(2m *0gum)] { Do1 Ex(k,xE,)/0, +

Dw; Exx(k,xE,)/o, - (1/2)DwDw,[(E -k, E; + (Exk,)E ] } (74)
We define:
Ja poppler (1,2) = i(e/2m) D, p,"V E, (75a)
Ja Displ (172) = 'p(u)[ez/(4m2wsum)] leDwZ(El'kz)EZ (75b)
Ja Loreniz (1,2) = p“[e¥/(2m*0gum)] Dy Eix(kxE,)/w, (75¢)
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to rewrite (74) as :

Ja = Ja Doppler (1,2)+Ja Doppler (2; 1)+Ja Displ (1 ,2) +Ja Displ (23 1) +Ja Lorentz (1 ;2)+Ja Lorentz (25 1)

(76)

Here 'Displ' stands for Displacement. Finally we assign '1'="o' for optical and "2'='x' for

x-ray to explicitly write the six current terms contributing to x/o SFG :

Ja Doppler(0,X) = 1(e/2m) Doy po(l) Ex

Ja Doppler(X,0) = i(e/2m) Do, p, "V E,
. Displacement(0,X) = -p[e*/(4m*wgum)] Do Doy (Eotky)Ex
J. Displacement(X,0) = -p"[e*/(4m* wgum)] Doy Do (Eyrko)E,
Ja Lorent(0,%) = p"[e¥/(2m’weum)] (Dwo/w,) Eox(k xE,)

Ja Lorent2(%,0) = p“[e7/(2m’ wgum)] (D/,) Exx(k XE,)

We next assume E, and E, are in the same plane so E.x(k,xE,)=E, E, k, k,/ Ik,|

E«xx(kx E )=E, E, k, k,/ Ik,l. Equations (77) thus becomes :

Ja Doppler(0,X) = i(e/2m) Day p, "V E,

Ja Doppler(X,0) = i(e/2m) Do, p, "V E,
. Displacement(0,X) = -p[e*/(4m*wgum)] Do Doy (Eotky)Ex
J. Displacement(%,0) = -p"[e*/(4mM* Wgum)] Doy Doy (Eyrko)E,
Ja Lorent(0,%) = p"[e?/(2m*weum)] (Dwo/m,) Eo E, k, k/ Ik,

Ja Lorent(%,0) = p"[e¥/(2m*weum)] (Dwy/w,) Eo E, k, K/ Ik
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We are interested in the transverse current. Defining €spc as a unit vector parallel to the

polarization direction of the SFG field, the transverse components are written as :

T2 Doppler(0,X) = i(e/2m) Daw, p,'" & spg Ex (79a)
Ja Doppier(%,0) = i(e/2m) D, p," esp6*Eo (79b)
Ja" Displacement(0,X) = -p™[€*/(4m*Wgym)] Dw, Dy (Eorky) ese6*Ex  (79¢)
Ja Displacement(X,0) = -p"[e*/(4m*Weum)] Doy Do, (Ex'ko) €sr6*Eo  (79d)
Ja Lorentz(0,X) = p"[e¥/(2m*weum)] (Dwo/w,) B E, k, €srark,/ k| (79¢)

Ja Lorentz(%,0) = p[e*/(2m’0sum)] (Dwy/,) Eo E, K, esra-ky/ k| (791)
Finally, the nonlinear source term is twice the J, terms :

T T T T T
J NL = Z{Ja Doppler(OaX) + Ja Doppler(xao) + Ja Displacement(osx) + Ja Displacement(xao) +

JaTLorentz(OaX) + JaTLorentz(Xao)} (80)

7. X-ray/optical SFG at other light sources
We consider x-ray/optical SFG at different x-ray light sources by comparing the number
of useful source photons. We consider three sources: an existing x-ray FEL (Linac
Coherent Light Source, LCLS), an existing third generation synchrotron (Advanced
Photon Source, APS), and a proposed light source (Energy Recovery Linac, ERL). The
source parameters are taken from [42] and [43].

We  first consider the peak brightness (Bp), in units of
Photons/s*mm?**mrad**0.1% bandwidth for one pulse. We take the APS, ERL, and
LCLS peak brightness to be Bpaps = 3x10%, BperL = 3x10%, and BpicLs = 102, We

next multiply the peak brightness by the pulse duration (t), the beam area (A), and the
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out-of-diffraction-plane beam divergence (06,y) to obtain a metric, Ma, defined as the
number of photons per mrad per 0.1% bandwidth in one pulse. The source parameters
are taken as :
Trers = 200 fs; tere = 300 fs; Taps = 80 ps
Arcrs= 80x80 um?; Apri= 100x100 um’; A ps= 840x50 um’
OOoutrcrs = 1 ur; OOoutErL = 9 ur; O0outaps = 55 ur
The '"M," values are :
Marcs = 1.6x10°
Ma aps = 6.8
Magre =1
where relative units have been used; that is, Ma grr has been assigned the value '1' and
Ma aps, Ma LcLs are relative to this value. We note that the total number of useful source
photons per pulse for APS is somewhat higher than for the ERL, and both are small
compared to LCLS.

Finally, we multiply by the laser repetition rate to determine the number of
useful source photons per second. First we consider the exact apparatus of our LCLS
experiment; this means we choose a 1 KHz repetition rate optical laser and assume that
a two-bounce Si (111) monchromator 'conditions' the input x-ray beam before it strikes
the diamond sample. We note that all three sources are broad in energy relative to the
monchromator energy bandpass (~ 1 eV at 8 keV) so that the monochromator bandpass
determines the x-ray bandwidth incident on the sample. Further, while the three sources
have different in-diffraction-plane divergence, we calculate that the differences (86in aps

=16 urad, 80ingre = 9 urad, 80inLcrs = 1 urad; from [42] and [43]) lead to relatively
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small variation in the SFG efficiency (relative efficiencies of mMaps=1, Meri=1.3,
Nrcrs=1.4).

The LCLS currently runs at a repetition rate of 120 Hz, limited by the x-ray laser
itself (60 Hz at the time of our experiment). The APS and ERL experiments are limited
by the repetition rate of the optical laser (1 KHz). Defining metric Mg as the number of
useful source photons per second per mrad per 0.1% bandwidth (i.e. Mg = M, times the
repetition rate) we obtain (again specifying in relative units) :

Mg rcs = 2770

Mg aps = 1

Mg gre = 0.15
Accounting for the efficiency factors above (Maps=1, Ner=1.3, NLcLs=1.4), we estimate
that the APS is somewhat better suited to x/0 mixing than is the ERL and that with an
identical experimental apparatus the APS signal rate is approximately a factor of 4000
smaller than the LCLS signal rate. In principle this deficit could be overcome by taking
advantage of the much higher repetition rate of the APS (and ERL) as compared to the
LCLS. By using a high repetition rate (1 MHz) laser system rather than the 1 KHz
system of the current experiment, it may be possible to approach count rates comparable
to the LCLS signal rate. The APS pulse duration is approximately 100 ps. Assuming an
optical pulse with the same duration, an optical intensity of 10'© W/cm? can be obtained
with an optical pulse energy of 10 wJ and a focal spot diameter of 30 um (optical and x-
ray). The longer optical pulse required at the APS (~100 ps vs ~100 fs) combined with

the higher average heat load on the sample may lead to sample damage.
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